Charge transfer predicted by standard models is at odds with Pauling's electronegativities but can be reconciled by the introduction of a cluster formation model [Schwingenschl€ ogl et al., Appl. Phys. Lett. 96, 242107 (2010)]. Using electronic structure calculations, we investigate p-and n-type doping in silicon and diamond in order to facilitate comparison as C has a higher electronegativity compared to Si. All doping conditions considered can be explained in the framework of the cluster formation model. The implications for codoping strategies and dopant-defect interactions are discussed. To satisfy the requirement of advanced performance, the microelectronics industry is focused on the introduction of materials to substitute silicon. An aspect that can remain constant in the future nanoelectronic devices is doping to form both p-type (acceptor) and n-type (donor) doped regions. The reduction of the dimensions of devices to a few nanometers requires the absolute control of the properties of dopants in semiconductors, including their surfaces and interfaces. In the past few years, numerous materials and structures have been considered, such as new forms of carbon (fullerenes, nanotubes, graphene), germanium, and diamond. [1] [2] [3] [4] [5] [6] Doping in group-IV semiconductor materials such as Si can be achieved by the incorporation of trivalent atoms such as gallium (p-type doping) or with the introduction of pentavalent atoms such as phosphorous (n-type doping). The picture commonly described is that in the case of n-type doping an electron is donated by the dopant atom (donor) to the lattice, whereas the opposite is the case for p-type doping. Nevertheless, if one considers the Pauling electronegativities 7, 8 of the dopants as compared to the host atoms the picture is not consistent to what would be expected. That is, an electron would transfer from the Si atoms (electronegativity 1.90) to the phosphorous atom (electronegativity 2.19) and from the Ga atom (electronegativity 1.81) to the Si atoms. The recently introduced cluster formation model 9, 10 bridges the gap between the standard picture in semiconductors and electronegativities by considering that it is the cluster between the dopant atom and the nearest neighbor host atoms that donates (or accepts) the electron and not the isolated dopant. For example, if one considers an n-type dopant, such as P in Si, it does not donate an electron to the conduction band as commonly expected nor does it accept an charge as the electronegativities would dictate (P is more electronegative than Si). The P dopant forms a cluster with its four nearest neighbor Si atoms (PSi 4 ) and through the redistribution of charge in this cluster the electron is donated to the system.
Here we will consider the cluster formation model to gain insight into the p-and n-type doping of silicon and diamond. Silicon is the archetypal semiconductor, whereas diamond can be an ideal material for many electronic applications as it has a wide band gap, high carrier mobility, thermal conductivity, and low dielectric constant. [11] [12] [13] The aim is to compare these two isostructural materials since they have significantly different electronegativities.
Established electronic structure calculations (WIEN2K) 14 based on density functional theory are used to investigate the effects of doping in silicon and diamond. These methods have adequately been applied to study charge transfer effects. 15 Here we employ a 2 Â 2 Â 2 supercell of the cubic diamond unit cell (Si or C). This supercell of 64 atoms is doped by inserting one impurity atom (B, Ga, N, or As) at a substitutional site. Therefore, we consider a high doping level of 1.6%. In the calculations of the C and Si systems, we use plane wave cutoffs given by RK max ¼ 8 and RK max ¼ 7, respectively, as well as muffintin radii of 2.21 Å for Si and 1.41 Å for C. The B 2s, N 2s, C 2s, P 3s, As 3d/4s, and Ga 3d atomic orbitals are assumed to be semicore states, while the B 2p/3s, C 2p/3s, N 2p/3s, Si 3s/3p, P 3p/4s, As 4p/4d/5s, and Ga 4s/4p/4d orbitals are treated as valence states. We refined the k-mesh for the Brillouin zone integration until the results showed convergence. For the C and Si systems, this is the case for 39 and 24 k-points within the irreducible wedge of the Brillouin zone, respectively. Finally, the exchange correlation functional is treated in the generalized gradient approximation.
For the p-type dopants, we introduced gallium (Figs. 1(a) and 1(b)) and boron (Figs. 1(c) and 1(d)) for silicon and diamond, respectively. Both boron and gallium have lower electronegativities than the respective host lattices (electronegativities: C 2.55, B 2.04, Si 1.90, and Ga 1.81). Considering boron-doped diamond, an acceptor region can be achieved with an acceptor level about 0.37 eV below the valence band maximum. 16 From electronegativity considerations alone in diamond, it is expected that charge will be transferred from the less electronegative boron to carbon. Changes in electron density (a difference map) have been utilized here to consider the charge redistribution (in the figures red indicates where charge is lost) associated with the introduction of a dopant in the lattice. This is what is calculated if we consider the difference between a neutral a)
Author to whom correspondence should be addressed. Electronic address: alexander.chroneos@imperial.ac.uk. Fig. 1(c) ). Analogous results are obtained when considering gallium doped silicon ( Fig. 1(a) ). Figure 1(d) is the electron density difference map between a neutral C 64 supercell and a negatively charged BC 63 À supercell. The latter cell has assumed an additional single charge that is not localized only at the B atom but in essence trapped by the B atom and its four nearest neighbor C atoms (i.e., the BC 4 cluster). Similarly, in gallium-doped silicon, the charge is trapped by the GaSi 4 cluster (Fig. 1(b) ). In essence, what we demonstrate here is that the acceptor atom only establishes a suitable local environment that results in the attraction of the electronic charge via a more extended cluster. Furthermore, what is important for this behavior is the relative electronegativities of the dopant atoms with respect to the host atoms (and not the specific dopant or host atoms).
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For the n-type dopants, we consider arsenic (Figs. 2(a) and 2(b)) and nitrogen (Figs. 2(c) and 2(d) ) for silicon and diamond, respectively. Both dopants have higher electronegativities than the respective host lattices (electronegativities: C 2.55, N 3.05, Si 1.90, and As 2.18). Arsenic alongside phosphorous are common n-type dopants in silicon or related materials such as Si 1 À x Ge x and germanium. [17] [18] [19] Conversely, in diamond, there is no shallow donor, with both nitrogen and phosphorous being inappropriate. [20] [21] [22] In more detail, nitrogen does not contribute to the conduction band but in turn leads to the formation of a lone electron pair on the nitrogen atom and a dangling bond with one of its nearest neighbor carbon atoms. The unpaired electron is localized more on the carbon nearest neighbor atom rather than on the nitrogen dopant. 23 Essentially, nitrogen has a deep donor level (activation energy of 1.7 eV), which in turn leads to negligible excitation of electrons into the conduction band at room temperature. 20, 22 Figure 2 shows the change in electron density between the Si 64 (or C 64 ) cell and the AsSi 63 (or NC 63 ) cell and therefore the charge redistribution associated with the introduction of the substitutional dopant. In Fig. 2 , it is demonstrated that charge is lost (red color) from the neighboring host atoms (C or As) and is concentrated in the n-type dopants (N or As). Notably, these host atom/dopant combinations have similar electronegativity ratios (C/N ¼ 84% and Si/As ¼ 87%) and this is reflected in their qualitatively similar electron density maps (refer to Fig. 2) . The higher electronegativity difference of nitrogen with carbon (compared to arsenic with silicon) leads to the accumulation of more charge around nitrogen and a stronger loss around carbon atoms. This is illustrated in Figs. 2(b) and 2(d) , which show (i) the difference between a neutral Si 64 supercell and a positively charged AsSi 63 þ supercell and (ii) the difference between a neutral C 64 supercell and a positively charged NC 63 þ supercell. For both host materials (Figs. 2(b) and 2(d) ), it is evident that the missing electron is coming from the near neighbor host atoms (i.e., as expected by considering Pauling's electronegativities) rather than the pentavalent dopant (i.e., as expected by the standard model for n-type doping). Previous work 9 has considered phosphorous doped silicon with the results being consistent (note: phosphorous has very similar electronegativity to arsenic). It is appropriate to propose that n-type doping in semiconductor materials irrespective of the host is via the promotion of an electron from a cluster consisting of the nearest neighbor host atoms and the dopant atom. In the materials considered here, these are the AsSi 4 and NC 4 clusters for silicon and diamond, respectively. The high electronegativity of nitrogen as compared to carbon can explain its poor donor properties in diamond 16 as discussed in previous work. 10 Our findings have important implications for dopantdefect interactions. To surpass difficulties in the doping of semiconductors defect engineering strategies such as codoping are commonly used. 24, 25 A recent example is the need to restrain donor atom diffusion (via a vacancy mechanism) in germanium by the use of carbon or fluorine codoping. The introduction of such codopants may lead to charge trapping as they do have larger electronegativities as compared to the host Ge atoms (electronegativity of Ge 2.01, C 2.55, F 3.98) or the n-type dopants (P, As, Sb considered). In that sense, the clusters consisting of donor-codopant atoms in germanium must be investigated in detail. In silicon, isovalent codoping has been recently used to defect engineer the formation and stability of the oxygen-vacancy pair (or A-center). 26 These issues are presently under investigation from the viewpoint of the cluster formation model as the isovalent codopants of interest have significantly different electronegativities (hafnium 1.3 to lead 2.33) offering possibilities for tuning the properties. Another way forward is to consider alloy group-IV semiconductors such as the Si 1 À x À y Ge x Sn y alloys (i.e., change the electronegativity of the host atoms around the dopant). 27, 28 Considering diamond, popular codoping strategies propose the formation of donor-acceptor clusters. [29] [30] [31] Donoracceptor clusters are actively considered as they increase the solubility of dopants (via the Coulomb attraction between the donor and acceptor atoms) and decrease the defect level concentration (via donor and acceptor level repulsion). Similar donor-acceptor clusters (the N-B-N cluster) have been proposed previously. 29 The Pauling electronegativity of B is significantly lower than that of nitrogen. In fact, only fluorine, oxygen, and chlorine have higher Pauling electronegativities. From these considerations, codoping strategies in diamond would benefit more if the donor atom was phosphorous for which there are numerous candidate codopants with higher electronegativities. 10 We have considered the doping of two isostructural host materials, silicon and diamond, which have significantly different electronegativities. For both materials, the results are qualitatively similar and depend on the differences of electronegativities with the dopants. For all the doping scenarios considered, the charge is accepted or donated not by the isolated dopants but by the cluster consisting of the dopant atom and the nearest neighbor host atoms. The electronegativity of codopants is therefore an important criterion when considering codoping strategies. In essence, one must form an appropriate nearest neighbor environment for the dopant.
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